The present study examined the effects of visual cues provided by a reflective environment on spontaneous behavior exhibited by crayfish (Procambarus clarkii) in an empty aquarium. The predominant components of spontaneous behavior were determined by observing the activity of solitary adult crayfish for 20 minutes in a glass aquarium containing fresh water and no objects. Five distinct behaviors were observed: rearing up (climbing on the wall), turning, cornering (facing the corner for 5 s or longer), backward walking, and crossing (crossing the midline of the aquarium). The frequencies of rearing up, cornering, and turning decreased when reflection from the glass wall was blocked with black cardboard or non-reflective plastic. In a tank containing mirrors on one side and non-reflective plastic on the other, crayfish cornered, reared up, and turned more in front of the mirrors. To examine whether or not such responses depend on socialization, crayfish were housed for two weeks either in same-sex pairs (socialized) or separately (isolated), and subsequently their behaviors were compared in a tank with mirrors on one side and non-reflective plastic on the other. Crayfish that had been housed in isolation showed no difference in rearing up, turning, cornering, or backward walking between the mirror and non-mirrored portions of the tank. Crayfish housed in pairs showed significantly more of all five behaviors in front of the mirrors than in the non-mirrored portions of the tank, and they spent significantly more time in front of the mirrors than in the non-mirrored part of the tank. On the other hand, isolated crayfish seemed to avoid the mirrored side. The results demonstrate that crayfish are sensitive to reflection, even the partial reflection present in an ordinary glass tank, and that responses of crayfish to a reflective environment depend on prior socialization.
INTRODUCTION
Mirror images elicit social displays, such as courtship displays or aggression, in such diverse animal species such as non human primates (Gallup, 1968; Harris and Edwards, 2004; Neel, 1996) , dogs (Siwak et al., 2001) , chicks (Montevecchi and Noel, 1978; Tolman, 1965) , parrots (Pepperberg et al., 1995) , sea lions (Schuster et al., 1967) , and fighting fish (Craft et al., 2003; Thompson and Sturm, 1965a, b) . Such observations indicate that the ability of animals to perceive their own mirror image as a conspecific is widely distributed throughout the animal kingdom. To date, there have been very few attempts to study responses of crustaceans to mirror images. One report by Dunham et al. (1986) demonstrated that hermit crabs elicit social displays in front of a mirror, indicating that these crustaceans at least perceive and respond to their own mirror image as if it were a conspecific. Similar investigations with other crustacean species have not been forthcoming. Moreover, there have been no attempts to determine whether reflected images from the walls of a holding tank might influence exploratory behavior in crustaceans. This is an interesting issue because crustaceans are often maintained and studied in clear glass aquaria that possess some reflective properties. Such an environment would provide visual cues that could be interpreted as a conspecific and could potentially influence the resident's behavior. Since hermit crabs respond to mirror images as if they were conspecifics (Dunham et al., 1986) it seems possible that the reflected images from glass aquarium walls might provide visual cues that could influence behavior in some way while crayfish explore a novel glass tank.
The primary purpose of this investigation was to determine whether or not the reflective environment of a standard glass aquarium would influence behaviors that crayfish exhibit while exploring. To this end, it was first necessary to classify the predominant behavioral elements crayfish exhibit when placed in a novel environment, a freshwater aquarium containing no objects. Subsequently, the aquarium was altered in several ways to eliminate reflection, and effects of such alterations on the various behaviors were determined. The effects of reflection on other aspects of locomotor activity, such as average speed of progression, total distance traveled and degree of turning, were also determined. Finally, experiments were performed to determine whether responses to a reflective environment are influenced by social isolation, since social isolation can influence many social behaviors, such as aggression (Dunham, 1972; Hoffman et al., 1975; Hazlett, 1966) , sexual activity (Cooke et al., 2000) and locomotor activity (Guo et al., 2004; Hazlett, 1966; Rilke et al., 1998) . The results of this work will contribute to a more detailed description of behaviors exhibited by Procambarus clarkii and should provide better insight into the role of visual cues in social behavior in this species.
MATERIALS AND METHODS

Animals
Naïve male and female red swamp crayfish, Procambarus clarkii, were used for all parts of this investigation and were obtained from Atchafalaya Biological Supply Co. (Raceland, LA, USA). Adult crayfish were used and had carapace lengths of approximately 40 mm and an average weight of 22.8 6 3.3 g. All animals were healthy, in intermolt stage and physically intact, possessing a complete set of legs including chelae. For identification and visualization purposes, all crayfish were numbered on the thorax using bright red or pink nail polish. Following numbering, the crayfish were allowed to rest in their housing tanks for a minimum of 24 hours.
Crayfish were housed in glass tanks measuring 52 cm L 3 25 cm W 3 30 cm H in a water depth of 8 cm. Each tank contained two cylindrical tubes (cut from plastic pipe material) measuring 10-15 cm in length and 5 cm in diameter, which served as shelters. The water was filtered, aerated and changed weekly. Water changes never occurred immediately before experimentation. Animals were kept on a 12 : 12 hour light : dark cycle at a water temperature ranging between 19-228C. The crayfish were fed bi-weekly with commercially available sinking fish pellets and were always fed after testing was complete. Crayfish were housed in these conditions for a minimum of 14 days before testing.
Initial experiments were performed with animals housed in pairs or groups. To study the effects of social isolation, 24 crayfish were housed for two weeks separately in 24 tanks (isolated condition), and their responses were compared to those of 24 crayfish that were housed for two weeks as same-sex pairs.
All crayfish were subjected to both control and experimental testing conditions. Results from crayfish that died or molted before both the control and experimental trials were complete were eliminated from the study.
Behavioral Observations
The predominant elements of crayfish behavior were determined by live observation and confirmed from videotaped activity. Videotaping was performed using a Sony HandicamÒ video camera. The camera was positioned directly above the testing tank. Specific behaviors were identified based on consistency among animals and the frequency at which each activity occurred. Behaviors were identified as follows.
1. Rearing up (Lundberg, 2004) occurred when crayfish stood on their fourth and fifth pereiopods while lifting the ventral surface of the thorax against the vertical wall of the tank. 2. Cornering occurred when crayfish stood with all legs on the tank floor for at least 5 s facing the corner of the aquarium with the chelae either extended or bent. 3. Turning was defined as a turn of more than 908 that changed the direction of movement from that of the original walking path (Fig. 1) . When a crayfish encountered a corner, a change of direction by 908 was not considered a turn because the crayfish had to change direction in order to continue walking along the same path. 4. Reverse walking (Lundberg, 2004) , i.e., progression in the backward direction, always occurred along the aquarium walls, usually with the tail-fan curled under. 5. Crossing entailed moving away from an aquarium wall and walking across the open space to another wall (Fig. 1 ). 6. Middle stance behavior occurred when the crayfish stood motionless in the middle area of the tank, oriented toward any wall for a minimum of 5 s. 7. Curled tail behavior occurred when the crayfish stood motionless for a minimum of 5 s with the tail curled under the abdomen, regardless of location in the tank.
The duration and intensity of these behaviors was not noted in the present study. Four experiments were used to determine whether or not crayfish behavior is influenced by reflection. In the first experiment 29 crayfish were observed in a glass tank in which the reflection was prevented by lining the inner walls with black Bristol cardboard; these crayfish were observed again 3-6 days later in a standard glass aquarium without cardboard lining. The second experiment involved observing 19 crayfish in the same glass tank with and without cardboard lining, but in the reversed order (first with no lining, then with cardboard lining) to determine whether or not order of presentation influenced the results. Light intensity inside the tank was reduced from 36 lux to 1.5 lux when the tank was lined with black cardboard. To minimize changes in light intensity, a third experiment was performed, in which 26 crayfish were observed in a standard glass tank followed by observation in a tank lined with clear, matte-finished plastic. The plastic eliminated reflection but allowed light to pass through (27 lux). In this experiment, the order of presentation was counter-balanced, with 50% of the animals placed in the reflective tank first and 50% placed in the non-reflective tank first. The fourth experiment involved observing 23 crayfish in a tank that was half-reflective and half non-reflective. This was done by installing mirrors over one half of the tank walls and lining the other half with matte-finished plastic. A paper was placed below the tank, with a black line spanning the middle of the tank floor to help the observer distinguish the borderline between the reflective and non-reflective areas. The level of light intensity in each experimental tank was measured with a Pasco Scientific Model 9152A Photometer.
Three to five crayfish were tested daily, 5 days per week between 12:00 and 16:00 hours. Each crayfish was transferred directly from the housing tank into the middle of the test tank, which was novel to the animal. Behavioral observations began after ripples in the surface of the water, caused by the experimenter's hand, had subsided (approximately 15 seconds). When the 'reflective' tank was used, the experimenter observed the crayfish behavior by facing the tank, which was positioned at eye level. When the 'cardboard lined', 'matte' or 'mirror/matte' tank was used, the experimenter observed the reflection of the tank in a mirror, positioned above the tank at an angle of approximately 308 from horizontal. Discrete behaviors in tanks were carefully observed and recorded for 20 minutes.
In experiments with the half reflective, half non-reflective tank, the time the crayfish spent on the matte side was determined by subtracting the time spent on the mirrored side from the total time spent in the testing tank: (mirror) . The occupancy of either side (mirrored or matte) was noted once the chelae and head crossed the dividing line. The experimenter was positioned directly above the test tank.
Locomotor Activity Measured in the Digiscan Activity Monitor Crayfish activity was recorded in a Digiscan Activity Monitor (Omnitech, Columbus, Ohio) equipped with an acrylic tank (L 3 W 3 H ¼ 42 cm 3 42 cm 3 31 cm) and with 16 beams of infrared light forming an 8 3 8 grid on the x and y horizontal axes. The acrylic tank contained water 8 cm deep. Signals generated by the interruption of light beams by the movement of the animal were fed via the Digiscan Analyzer to an IBM-compatible 486 computer. The analyzer, operated by the software PLOTONE (Omnitech), provided data on the position of the central point of the crayfish body (see below) in x and y coordinates every 0.02 s for 20 min. The animal's position was monitored continuously, and movement was calculated by the computer program, based on the sequence in which light beams were broken and re-activated, with an effective accuracy of 0.32 cm. Fig. 1 . Schematic representation of turning behavior exhibited by crayfish in an aquarium. Turning was defined as a turn of more than 908 that changed the direction of the original walking path. Arrows indicate the direction of travel and numbers represent the order in which the behavior occurs. A, The crayfish begins walking around the perimeter of the tank in a counter-clockwise direction. Movements at 1 and 2 are not turns because the crayfish continues walking counter-clockwise. Movement at 3 is a turn because the crayfish begins walking clockwise. B, The crayfish begins walking counter-clockwise at 1 and crosses the tank at 2. Movements at 3 and 4 are not turns because the crayfish has just crossed the tank and whichever direction it walks now becomes its new path direction. C, The crayfish begins walking clockwise at 1 and then corners (black dot). After cornering path 2 would be considered a turn because it reverses the direction of movement, but path 3 would not be a turn because the crayfish would continue in the original direction.
The following parameters were measured: 1) total distance travelled by crayfish per 20 minutes (in meters). 2) average speed of progression (in cm/s). 3) parallelism index, which indicated how parallel each movement was in comparison to the previous movement (every 0.02 s, Brudzynski and Krol, 1997) . Parallelism index was calculated by taking the cosine of the angle a between the current and the previous direction of movement and averaging cosines for all angles. It was expressed as P ¼ 1/N AE cos a (Brudzynski and Krol, 1997) . The parallelism index was inversely related to the number of turns and the magnitude of the turning angles.
Pilot experiments showed that water in the acrylic tank interfered with the infrared light beams. To track the position of crayfish in water, it was necessary to mount a probe on the back of the crayfish and lower the tank so that the light beams were above the 8 cm water level. A piece of plastic (QTipÒ), 1.2 cm long, was glued to the crayfish thorax using EpoxyÒ glue and Krazy GlueÒ. A removable probe made of StyrofoamÒ with an oval shape (approximately 4 cm 3 2 cm) and weighing 1.0 g was constructed, and a second piece of Q-TipÒ was permanently attached to the probe. At the time of testing, the probe was attached to the crayfish by a removable piece of wooden toothpick, allowing for adjustment of the height of the probe according to crayfish height.
Computerized data acquisition commenced as the crayfish started to walk. The probe interrupted the infrared beams and the signals generated were fed via the Digiscan Analyzer to the computer. Simultaneously, the predominant elements of crayfish exploratory behavior were observed and recorded by the experimenter during each 20-minute time testing session.
Statistical Tests
Unless otherwise stated, comparisons between socialized and isolated crayfish (Table 2) were made using a Mann-Whitney U-Test for independent samples. The distribution of mean times spent on mirrored and non-reflective sides of a tank did not deviate from a normal distribution, as verified with a Kolmogorov-Smirnov test ( Differences between mean times were compared using a two-tailed Student's t-test for correlated samples. Data depicted in Fig. 6C were also compared using a mixed, two-way ANOVA. All other statistical comparisons were made using a Wilcoxon Signed Rank test for correlated samples (Ferguson, 1971) . A statistical program (SPSS) was used for calculations.
RESULTS
General Description of Crayfish Behavior When placed in a glass aquarium containing no obstacles and observed for 20 minutes, solitary crayfish typically walked around the perimeter of the tank, staying close to the walls. In some cases, they turned either before or when encountering a wall and walked back and forth along a single wall. Sometimes, while still staying close to the walls, crayfish walked backwards (reverse walking), usually with the tail fan curled under the abdomen. Toward the end of the 20-minute observation period, some crayfish would discontinue walking along the sides and start walking across the tank. The speed of walking and time spent being completely inactive varied from one crayfish to another. In addition to walking, several distinct behaviors were commonly observed. The five most frequent and most consistent were rearing up, turning, cornering, reverse walking and crossing. In some cases, crayfish charged at the corner after cornering. Reverse walking (Lundberg, 2004) and crossing were the least frequent behaviors.
Influence of a Reflective Environment on Behavior Several experiments were designed to determine whether any of the observed behaviors were influenced by the reflection from the glass walls of the aquarium. In the first such experiment, crayfish were placed in a clear glass tank that either contained or did not contain a black cardboard lining to remove the reflection (Fig. 2) . The animals performed significantly more rearing up, turning and cornering in the reflective condition than in the nonreflective one, regardless of the order of presentation (*P , 0.05, ***P , 0.001). No significant differences were observed when comparing the frequency of reverse walking. Crossing behavior was seen more frequently in the cardboard-lined tank (P , 0.05), but only when the crayfish were tested in the non-reflective condition first ( Fig. 2A) . Thus, the most consistent effects of reflection were increases in the frequency of rearing up, turning and cornering. Very similar results were obtained when reflection was reduced by painting the outside of the aquarium with black enamel rather than inserting cardboard (data not shown). This approach, however, reduced reflection by decreasing the amount of light rather than blocking the reflection itself.
To circumvent possible effects of changing light intensity, behaviors were compared between glass tanks with or without clear, matte-finish plastic, which permitted light passage while minimizing reflection. The crayfish elicited significantly more rearing up (P , 0.05), turning (P , 0.001) and cornering (P , 0.01) in the reflective environment (Fig. 3) . However, there were no significant differences in the frequency of crossing or reverse walking between the two conditions.
To further examine the influence of a reflective environment on behavior, mirrors were installed in one half of a glass tank, and the other half was lined with clear, mattefinish plastic. In this experiment two other behaviors, referred to as middle stance and curled tail behaviors, were observed. Rearing up, turning and cornering behaviors occurred more frequently in the mirrored half of the tank than in the non-reflective half ( Fig. 4A ; lifting: P , 0.01, turning: P , 0.01, cornering: P , 0.001). Curled tail behavior also occurred more frequently in the mirrored area of the tank (P , 0.01). There were no significant differences for middle stance behavior or reverse walking between mirrored and non-mirrored halves of the tank (P . 0.05). Crayfish also spent significantly more time in the mirrored area than in the matte area ( Fig. 4B ; P , 0.01, Student's ttest for correlated samples).
Crayfish locomotor activity was recorded using a Digiscan Activity Monitor, which measured the total distance traveled, average speed of locomotion and parallelism index (Table 1 ). There was no significant difference between the average speed in a clear (reflective) tank compared to a matte-lined (non-reflective) tank (P ¼ 0.427). There was also no significant difference between the parallelism indices calculated for these two conditions (P ¼ 0.713). There was a trend suggesting a greater total distance traveled in the reflective tank than in the non-reflective tank; the effect was marginally non-significant (P ¼ 0.069). The predominant elements of exploratory behavior were also observed and recorded while the crayfish were in the Digiscan Activity Monitor. Figure 5 illustrates the results from observing crayfish with probes in clear (reflective) and matte (non-reflective) tanks. Rearing up (P , 0.05), turning (P , 0.001) and cornering (P , 0.001) all occurred more frequently the reflective tank than in the non-reflective tank.
Effects of Social Isolation
Crayfish that had been isolated for two weeks prior to testing showed no significant differences in the frequencies of five out of six behaviors when data were compared between the mirrored and non-mirrored (matte) sides of the tank. These behaviors include rearing up, turning, cornering, backward movement and curled tail behavior (Fig. 6A) . In Fig. 2 . Behavioral patterns of P. clarkii in clear glass (reflective) and cardboard-lined (non-reflective) tanks. Open bars depict data from the clear glass tank; filled bars depict data from the cardboard-lined tank. A, Crayfish (N ¼ 29) were tested first in the cardboard-lined tank and were tested again 3-6 days later in the clear glass tank. B, A separate set of crayfish (N ¼ 19) was tested first in the clear glass tank and then again 3-6 days later in the cardboard-lined tank. The behavioral patterns observed are listed on the x-axis. The frequency of rearing up, turning and cornering during 20-minute sessions was significantly higher in the reflective tank regardless of the order of presentation. The frequency of crossing was higher in the cardboard-lined tank, but only when it was presented first. Error bars represent standard deviations. Statistical comparisons were made using a Wilcoxon Signed Rank test for Correlated Samples (Ferguson, 1971) . (* P , 0.05, ** P , 0.01, *** P , 0.001.). isolated crayfish, the only behavior showing any significant difference was middle stance behavior, which was performed more frequently in the mirrored area than the matte area (P , 0.05). Of the six behaviors exhibited by isolated crayfish, the most commonly observed in both mirrored and matte areas was cornering.
In contrast to the isolated animals, crayfish housed in pairs for 2 weeks prior to testing showed significant differences in the number of occurrences of each of the six motor behaviors, when comparing data from the mirrored and non-mirrored portions of the tank (P , 0.05 in each case; Fig. 6B ). Thus, socialized crayfish responded to the reflective environment, but isolated crayfish did not.
A comparison of Fig. 6A , B suggested that the frequency of at least some exploratory behaviors on the mirrored side was higher in socialized crayfish than in isolated crayfish, particularly for turning, cornering and curled tail behaviors. On the mirrored side, socialized crayfish turned (P , 0.0001), cornered (P ¼ 0.001) and curled the tail (P ¼ 0.0011) significantly more than isolated crayfish (Table 2, mirror condition). There were no significant differences for rearing up, middle stance or reverse walking behaviors between socialized and isolated crayfish in the mirrored area. There were no significant differences between socialized and isolated crayfish for any of the behaviors in the non-reflective area (Table 2 , matte condition).
Total time spent in the mirrored and matte (non-reflective) halves of the tank was also determined (Fig. 6C) . A mixed, two-way ANOVA showed that reflection had a significant effect on time spent in each half of the tank (F[1, 46] ¼ 4.55, P , 0.04). Socialized animals spent significantly more time in the mirrored area than in the matte area (t[23] ¼ 6.85, P , 0.001). Isolated animals spent significantly less time in the mirrored area than in the matte area (t[23] ¼ 2.83, P , 0.01). Furthermore, there was a highly significant interaction between social condition and the effect of reflection, with reflection eliciting opposite effects on socialized and isolated crayfish (F[1, 46] ¼ 42.55, P , 0.001).
DISCUSSION
Crayfish reared up, turned, and cornered more in a reflective aquarium than in a non-reflective aquarium, regardless of whether reflection was blocked with black cardboard or plastic matte. These results suggest that a reflective environment, and not the amount of light, influences crayfish exploratory behavior in an empty, novel tank. When placed in a mirror/matte-lined tank, crayfish not only spent significantly more time on the mirrored side of the tank, but also reared up, cornered, and turned more frequently than they did in the matte area. Cornering, turning, and rearing up behaviors are not necessarily elicited by reflection, since they occur in non-reflective aquaria, but their frequency increases in a reflective environment. Enhancement of most behaviors by the reflective environment depends on socialization, since social isolation effectively abolishes most responses to the mirrored environment.
Behavioral Patterns in a Novel Tank
Other researchers have noted turning (Bowerman and Larimer, 1974; Breithaupt et al., 1995; Burba, 1988; Copp and Jamon, 2001; Cukerzis, 1983; Yamane and Takahata, 2002) , cornering (Basil and Sandeman, 2000; Li and Cooper, 2001; Snyder and Peeke, 2001) , crossing (Basil Fig. 3 . Behavioral patterns of P. clarkii in a clear glass (reflective) tank (open bars) and in a tank lined with plastic matte (non-reflective condition; filled bars). Rearing up, turning and cornering occurred more often in the reflective tank during a 20-minute session (Wilcoxon test, * P , 0.05, ** P , 0.01, *** P , 0.001, N ¼ 26). The frequency of reverse walking and crossing behavior was not significantly different between the two conditions. Error bars represent standard deviations. The order of presentation of the tanks was counter-balanced in these experiments.
and Sandeman, 2000; Burba, 1988; Li and Cooper, 2001) and reverse walking (Bowerman and Larimer, 1974; Bruski and Dunham, 1987; Cukerzis, 1983; Edwards, 1984; Kovac, 1974a, b; Lundberg, 2004; Simon and Edwards, 1990; Yamane and Takahata, 2002) in behavioral experiments with several crustacean species. Rearing up or 'climbing' has been described as a type of exploration (Lundberg, 2004) , active behavior pattern (Stein and Magnuson, 1976) , and also as a sign of agitation (Hazlett, 1985) in different species of crayfish. The results presented here indicate that all these behaviors have been systematically observed in P. clarkii and are all components of exploratory behavior Fig. 4 . Behavioral patterns of P. clarkii observed during 20-minute observation sessions in a glass tank, half of which was lined with mirrors (open bars) and half was lined with plastic matte (filled bars). A, The frequency of rearing up, turning, cornering and curled tail behavior was significantly higher in the mirrored half of the tank. The frequency of reverse walking and middle stance behavior was not significantly different between the two sides of the tank. (* P , 0.05, ** P , 0.01, *** P , 0.001, N ¼ 23; Wilcoxon Signed Rank test for Correlated Samples). B, Crayfish spent significantly more time (** P , 0.01; two-tailed t-test for correlated samples) in the mirrored half of the tank (mirror area) than in the non-reflective half (matte area). Error bars represent standard deviations. exhibited when P. clarkii are placed in a novel tank containing no obstacles.
Tail curling has been reported as a component of agonistic postures elicited by injection of serotonin into crayfish, lobsters, and squat lobsters (Antonsen and Paul, 1997; Livingstone and Kravitz, 1980; Tierney and Mangiamele, 2001 ). Other agonistic behaviors include meral spread (raising the chelae and spreading them apart) and elevation of the walking legs, which heightens the overall stance (Bruski and Dunham, 1987; Karavanich and Atema, 1998; Tierney et al., 2000) . Neither meral spread, nor heightened posture was observed in the present experiments.
The appearance of curled tail and middle stance behaviors in the tank with mirrors but not in the standard glass aquarium suggests that crayfish may detect differences in the visual cues provided by these two conditions. This is not surprising because mirrors provide greater clarity in a reflected image than does clear glass (at least to human perception). The number of occurrences of middle stance behavior was not different on mirrored and non-reflective sides of the aquarium (Fig. 4A) , suggesting that middle stance behavior is not affected by reflection. Since the compound eyes of crayfish can provide nearly 3608 vision (Bovbjerg, 1956; Shaw and Stowe, 1982) , we cannot exclude the possibility that crayfish facing the non-reflective wall exhibit middle stance behavior in response to the reflection from a mirrored wall behind them on the other side of the aquarium. The same argument can be made for the small number of occurrences of curled tail behavior when facing the non-reflective wall.
Crayfish usually respond to conspecifics in an aggressive manner. When two crayfish are placed together in one tank, they typically face each other, approach and fight until a dominance hierarchy is established (Bovbjerg, 1953; Bruski and Dunham, 1987; Huber et al., 1997; Tierney et al., 2000) . Agonistic episodes include many behavioral components, such as aggressive posturing, antenna tapping, meral spreading, lunging, pushing, striking, and tail flipping. Visual cues are not necessary to elicit agonistic encounters, since such encounters occur in blind crayfish species (Kellie et al., 2001; Li and Cooper, 2002) and when crayfish are blindfolded (Breithaupt and Eger, 2002) . However, visual cues play a role during agonistic encounters. Some components of agonistic behavior, such as lunging and following, appear to be visually mediated because their frequency decreases in darkness, while other components, such as antenna tapping, chela striking and pushing, are mainly tactile in nature and occur more frequently in darkness (Bruski and Dunham, 1987) .
Most of the known aggressive behaviors, e.g., aggressive posturing, meral spreading, striking, pushing, and tail flipping, were not observed in the present experiments. There were a few cases in which cornering behavior was followed by charging the corner, suggesting lunging and contact. Reflection increased the occurrence of rearing up, . Behavioral patterns of P. clarkii on mirrored and matte sides of a tank after 2 weeks of social isolation (A) or after 2 weeks of socialization (B). After social isolation, middle stance occurred more often on the mirrored side of the tank during a 20-minute session. In socialized animals, rearing up, turning, cornering, reverse walking, curled tail and middle stance occurred more often on the mirrored side of the tank during a 20-minute session (Wilcoxon test, * P , 0.05, N ¼ 24). Mean time spent on the mirrored side (C) was significantly higher for socialized animals and significantly lower for isolated animals, compared to the matte side. Error bars depict standard deviations. (** P , 0.01, *** P , 0.001, N ¼ 24.) Statistical comparisons in A and B were made using a Wilcoxon Signed Rank test for Correlated Samples (Ferguson, 1971) . Statistical comparisons in C were made using a two-tailed t-test for correlated samples.
crossing and turning behaviors. Rearing up against a reflection might represent an attempt to make contact. Crossing might represent an attempt to approach a reflection on the opposite wall or to avoid a reflection on an adjacent wall. Likewise, turning might represent an attempt to approach a reflection on the adjacent wall or to avoid a reflection on the opposite wall. However, there is no definitive evidence that the behaviors reported here are components of agonistic encounters. The present data show only that crayfish behavior during exploration is altered by the presence of a reflection. If rearing up, turning, and crossing are components of agonistic encounters, they are probably subtle components of such behavior. More obvious components, such as threatening displays, posturing and meral spreading, probably require sensory cues that cannot be provided by the mirror image, itself.
Behavior in the Activity Monitor A reflective environment did not significantly alter total distance traveled, but a 22% increase in the distance traveled in the reflective environment approached the significance level. The average speed or parallelism index were not affected by reflection. These data suggest that a reflective environment might have some influence on the magnitude of locomotor activity but did not affect either the speed of progression, or the geometry of locomotor activity. It seems surprising that reflection, which increased the occurrence of turning behavior, did not decrease parallelism index. However, the relationship between the number of occurrences of turning behavior and parallelism index is not linear (Brudzynski and Krol, 1997) , and the number of recorded episodes with a straight-line progression remained very high. The data indicate that the cumulative effect of all turns is not significantly different between reflective and nonreflective environments and suggest a similar locomotor pattern in both cases.
The presence of the position-indicating probe above the thorax did not prevent the reflection from enhancing the number of occurrences of cornering, turning and rearing up. Thus, the probe had no substantial effect on reflectiondependent behaviors. Since the 4 cm 3 2 cm probe did not significantly alter the observed behaviors, it is unlikely that the identification markings made with nail polish on the thorax affected these behaviors either. It is possible that crayfish may have detected some reflection from the floor of the glass and acrylic tanks. However, the same reflection from the floor would have been present in all of the aquaria and, thus, cannot account for observed differences between experimental and control conditions. The observed behaviors, therefore, must be affected by reflection from the walls rather than from the floor.
Overall, the results indicate that parallelism index measurements do not describe subtle spatial aspects of behavior that could be influenced by experimental conditions. Interestingly, mean parallelism index values reported here for crayfish (0.39 6 0.12) are similar to those reported for rats in similar activity cages (0.3 6 0.02; Brudzynski and Krol, 1997) , suggesting similar exploratory patterns, particularly pertaining to straight line progression along the walls. The comparison of parallelism indices between crayfish and rats may also suggest that the square geometry of the recording cage may have a predominant effect on the final value of the parallelism index regardless of species. If this is the case, then crayfish and rats, despite their distant locations in the evolutionary tree, may perform a similar thigmotactic behavior and allocate most of the exploratory time to following the walls. This behavior is probably the most successful strategy for maximal survival and was independently developed to a similar degree by vertebrate and invertebrate species.
Effects of Social Isolation
The current investigation demonstrates that social isolation influences the appearance of reflection-dependent behaviors in P. clarkii. Socialized crayfish exhibited higher frequencies of rearing up, turning, cornering, reverse walking, and curled tail behaviors when exploring the mirrored half of a test tank than when exploring the non-reflective half. In isolated crayfish, however, the frequencies of these behaviors were not different between mirrored and non-reflective conditions. In addition, socialized crayfish spent significantly more time in the reflective area, and isolated crayfish spent significantly less time in the reflective area. The highly significant interaction between the data for these two conditions may indicate that socialized crayfish preferred the mirrored side while isolated crayfish actively avoided it. Thus, our observations clearly indicate that socialized crayfish respond to mirrors in ways that isolated crayfish do not.
When the data were analyzed with respect to the frequency of behavioral occurrences that took place only on the mirrored side of the test tank, turning, cornering and curled tail behavior were significantly higher for socialized animals than for isolated animals ( Table 2 ). There were no significant differences between socialized and isolated crayfish with respect to rearing up, reverse walking and middle stance behaviors. Thus, socialization appears to enhance the production of three of the six behaviors observed in front of the mirror. This observation tends to support the notion that socialization enhances the responses of crayfish to visual cues associated with their own mirror image. An alternative explanation would be that the opposite treatment, social isolation, may alter the behavioral state by suppressing the expression of reflection-dependent behaviors or by suppressing behavior in general. Our observations are not consistent with such a notion of behavioral suppression. Specifically, there were no differences in the frequency of any behaviors on the nonreflective side when comparing isolated animals with socialized animals (Table 2 ). Thus, isolation per se does not appear to suppress these behaviors. Numerous reports (Courchesne and Barlow, 1971; Cromarty et al., 1999; Dunham, 1972; Hazlett, 1966; Hoffman et al., 1975) indicate that social isolation enhances activity and aggression in crustaceans. The current results appear to contrast with such observations in two ways. First, social isolation did not appear to increase the frequency of any behaviors observed. Second, if the responses to reflection represent components of or preludes to aggressive encounters, one would expect the frequency of such behaviors to increase after social isolation, but they did not. The lack of increased activity in isolated crayfish might be related to the duration of the isolation period, since Hazlett (1966) reported that isolating hermit crabs for 2-3 days increased activity but isolation for 5 days or longer did not. It has been suggested that animals may decrease activity after long periods of social isolation in order to reduce the risk of predation (Gomez-Laplaza and Morgan, 1991, 2000) . We do not have any direct evidence that the responses of crayfish to mirrors represent aggressive displays or constitute aggressive behavior. In fact, most of the components of aggressive displays in crayfish, such as meral spread and elevated posture (Bruski and Dunham, 1987; Tierney et al., 2000) , were not observed in the present experiments. Thus, the reflected image the crayfish presented to themselves in the present study may lack components necessary to be perceived as a threat and, thus, might not be sufficient to elicit an aggressive response. Moreover, the mirror image is only a visual cue, and other sensory cues, such as tactile and chemoreceptive inputs, may be essential for initiating aggressive displays. In fact, we have not presented any direct evidence that crayfish perceive their mirror image as a conspecific. Future work will seek to address this question and to determine whether reflection-enhanced behaviors in crayfish are related to aggression.
Summary
In summary, the current investigation identifies several predominant elements of crayfish behavior in an empty aquarium and demonstrates that some of these behaviors are affected by reflection, while other parameters of activity such as speed of locomotion, distance covered and parallelism index are not. Rearing up, turning, cornering, middle stance, and curled tailed behaviors are predominantly influenced by visual cues. Moreover, specific responses to reflection (increases in rearing up, turning, cornering, backward walking, and curled tail behaviors) require socialization.
